We have calculated structural energy differences, magnetic interaction constants and mixing energies of Fe-Co-Ga(Zn) alloys in order to gain information about their suitability for ferromagnetic shape memory devices. We considered the classical Heusler structure as well as an ordering type in which the Co and one Fe sublattice are interchanged. The results of our density functional theory investigations suggest high Curie and martensitic phase transition temperatures for the Ga-based as well as for the Zn-based systems. In case of hypothetical Fe2CoZn alloys, the classically ordered Heusler structure is energetically preferred. In Ga based alloys, the ordering type with Co partially on Fe sites appears to be more stable. We propose that a systematic variation of composition by successive addition of Zn and Co to Fe-Co-Ga may result in a promising new ferromagnetic shape memory alloy of type Fe2−xCo1+xGa1−yZny.
Introduction
Ferromagnetic shape memory alloys (FSMAs) have attracted considerable attention due to their potential use for new actuator materials. For prototype Ni 2 MnGa Heusler compound, large magnetically induced strains have been reported in the martensitic phase. However, the martensitic phase transition takes place at too low temperatures for many practical applications. Furthermore, Ni-Mn-Ga alloys are disadvantageous because of their poor room temperature ductility or high costs of elements [1] [2] [3] . In the literature, various other systems including Ni-Mn-(Al, Sn, Sb, In) [4, 5] , Co-Ni-(Al, Ga) [6] [7] [8] [9] [10] [11] [12] [13] , Ni-Fe-(Al, Ga) [14] and Cu-Mn-(Al, Ga) [15, 16] have been proposed as candidates for new FSMAs. Of special interest are Heusler systems based on Co, Fe, and Zn: For the Co-Ni-(Al, Ga) and Ni-Ga-Fe-Co alloys, the martensitic start temperature T S decreases with increasing Co content while Curie temperature and spontaneous magnetization increase [17, 18] . For Ni-Mn-Ga alloys, the martensitic transformation temperature T M can be increased by changing the stoichiometry. Recently developed ferromagnetic Ni-Fe-Ga alloys show good plasticity of the high-temperature phase in comparision to Ni 2 MnGa and thus may be promising. In Fe-Co-Zn, the magnetic phase transition induces various interesting anomalies like a miscibility gap between the ferromagnetic and the paramagnetic bcc α -phase [19] . The nonmagnetic Cu-Al-Zn Heusler alloys are important SMA [20, 21] while Fe-Ga is a magnetostrictive material [22, 23] . The compound Co 2 FeGa exhibits the classically ordered Heusler structure as early experimental studies report [24] , while in Fe-Co-Ga, the Co atoms prefer to occupy parts of the Fe sublattices (e.g., the B site, see Fig. 1 ). Thus, one has to differentiate two types of Fe atoms: Fe atoms which remain on the Fe sublattice (e.g., the A site, here denoted a e-mail: antje@thp.uni-duisburg.de by Fe A ) and Fe atoms which occupy Co sites (the C site, denoted by Fe C ) (see Fig. 1 ). At 25% Co, ordering type ACBD, with the elements placed on the sites in the respective order of their appearance in the formula unit (cf. Fig. 1 ), is achieved and with further increasing Co content the Fe sublattices becomes entirely occupied by Co atoms, so that we obtain the order ABCD for Co 2 FeGa. In general, transition metal atoms to the right of Fe in the periodic table preferentially go to the Fe sublattice (e.g B site) while those to the left of Fe go to the Co sites (e.g. C site) [24] . A considerable Curie temperature of the order of 1160 K is found for Fe 2 CoGa. These findings motivate a theoretical investigation of Fe-Co-Ga(Zn) alloys in the classical Heusler structure (ABCD) and in the ordering type ACBD (see Fig. 1 ). Quaternary alloys of type Fe-Ni-Co-Ga-Zn may be promising in order to increase the range of potential appliction of FSMAs and for an appropriate choice of composition, high transition temperatures and an improvement of mechanical properties may be obtained. Table 1 . Calculated results of tetragonally distorted Fe-Co-Ga(Zn), c/a = 1, optimum lattice constant, a, magnetic moment, M, mixing energy, Emix, energy difference between the energy minimum at c/a < 1 and the energy minimum at c/a > 1, ΔE c/a , and corresponding approximated martensitic phase transition temperature, TM = ΔE c/a in K, nearest neighbor magnetic interaction constant, Jij, with resulting mean-field Curie temperature TC, and the energy difference between the ABCD and the ACBD order (see Fig. 1 
Results and discussion
In order to investigate the structural stability of Fe-Co-Ga(Zn) alloys, we calculated the mixing energy, E mix , and the energy difference between the classically Heusler order (type ABCD) and FeCoFeGa(Zn) order (type ACBD), ΔE order , both in meV/atom (compare Table 1 and Fig. 1 ). Thus, a negative ΔE order means that the ABCD order is energetically preferred. When performing a tetragonal c/a distortion of the ABCD structure, two energy minima are observed. The energy difference between these minima, ΔE c/a , expressed in K, gives a rough measure of the martensitic phase transition temperatures T M (Table 1) . For the ordering type ACBD with Co on half of the Fe sites (cf. Fig. 1 ), the cubic phase with c/a = 1 is clearly favorable (see Fig. 2 ) From the calculated magnetic exchange interaction constants (Table 1 and Fig. 3 ) we evaluated the Curie temperatures using a simple Heisenberg model within mean field approximation: T C = zM i M j J ij , where z is the number of nearest neighbors and M i,j = 1 for ferromagnetic coupling. Here, we find extraordinarily high T C values in the range of 1232 K up to 1645 K. For Fe-Co-Ga the mixing energies are negative (cf. Table 1 ). And as early experimental studies confirm, these alloys are in fact stable [24] . The calculated J ij predict strong ferromagnetism (cf. Fig. 3 ) and extremly high Curie temperatures of the order of 1232 K ≤ T C ≤ 1645 K. Also, for the case that Fe atoms become nearest neighbors as in order type ACBD, no antiferromagnetic tendency has been observed in the calculation. As is obvious from Fig. 2 , the stable state at zero temperature is the cubic structure with order type ACBD in accordance with experiment. Therefore, a martensitic phase transition is not likely to be expected in the Ga based alloy. Nevertheless assuming an artificial stabilization of the ABCD phase, we estimate a fairly high hypothetical T M = 563 K by expressing ΔE c/a in K. But at the same time, a phase transition would probably be accompanied with a diffusive rearrangement of Co atoms and thus be not martensitic. In order to confirm the proposed tendency of Co atoms occupying part of the Fe sites (e.g. B site), we performed analogous calculations for Co 2 FeZn (not shown). And indeed, we again find a negative mixing energy but only one energy minimum at c/a = 1. The magnetic moment per formula unit is of the order 6 μ B for the ABCD order and in between 5.2 and 5.6 μ B for the ACBD structure. For Fe-Co-Zn, the ABCD structure is found to be more favorable than the ACBD structure and our investigations would predict similar high Curie and martensitic temperatures (1725 K and 483 K, respectively, cf. Table 1 ). However, the calculated mixing energies appear to be positive for the classical Heusler structure (ABCD) as well as for the ACBD order. This means that at least for the stoichiometric composition, this system is not expected to be stable. But systematic alloying of Zn to Fe-Co-Ga may stabilize the ABCD structure and result in an interesting quaternary Fe-Co-Ga-Zn ferromagnetic shape memory alloy with high Curie and martensite temperatures. The magnetic moment per formula unit is enhanced by 8% in comparision to Fe-Co-Ga. This enhancement is due to an increased Fe moment of about 6% and an increased Co moment of about 11%. In summary, our result show that: (a) In Fe-Co-Ga the mixing energies are negative for ABCD and ACBD order. An extraordinarily high T C is predicted (∼1645 K). But here the ACBD order is preferred over the ABCD order. Assuming a stabilisation of ABCD order a high T M of 563 K can be expected. Still, not a martensitic transition but a diffusive rearrangement of Co atoms should be expected. 8%. For a hypothetical Fe-Co-Zn Heusler alloy, the ABCD order with a tetragonal distorted c/a ratio of 1.4 would be more stable than the cubic ACBD structure. Strong ferromagnetism (T C = 1725 K) and high martensitic phase transition temperatures should be expected. But analogously to Fe-Co-Ga, a diffusive transition with a rearrangement of Co atoms may occur because the ACBD order with cubic symmetry lies only 8.8 meV/atom higher in energy than tetragonally distorted ABCD. (c) For the stable Co 2 FeZn system, the mixing energy is negative but only one energy minimum at c/a = 1 is found. These findings led us to the tentative conclusion, that, although Fe-Co-Zn is not stable, the addition of Ga to a hypothetical Fe 2 CoZn Heusler alloy may lead to an interesting quaternary Fe-Co-Zn-Ga FSMA. But attention has to be paid to the possibility of a diffusive transition accompanied with a rearrangement of atoms, due to the fact that at least for stoichiometric Fe 2 CoGa, Co atoms are expected to occupy part of the Fe sublattice (e.g., the B sites) and thus hinder the martensitic transformation. Further addition of Co leads again to negative mixing energies. But in the case of Co 2 FeZn, the cubic system is the groundstate and no martensitic phase transition is expected. Thus, a careful variation of composition of the quaternary alloy Fe 2−x Co 1+x Zn 1−y Ga y may result in a new ferromagnetic shape memory alloy with improved properties such as very high Curie and martensite temperature, eventually avoiding brittleness of prototype Ni 2 MnGa Heulser alloy.
